8-Oxoguanine DNA glycosylase 1 (OGG1) initiates the base excision repair pathway by removing one of the most abundant DNA lesions,. Recent data showed that 8-oxoG not only is a promutagenic genomic base lesion, but also functions as an epigenetic mark and that consequently OGG1 acquire distinct roles in modulation of gene expression. In support, lack of functional OGG1 in Ogg1 -/-mice led to an altered expression of genes including those responsible for the aberrant innate and adaptive immune responses and susceptibility to metabolic disorders. Therefore, the present study examined stimulus-driven OGG1-DNA interactions at whole genome level using chromatin immunoprecipitation (ChIP)-coupled sequencing, and the roles of OGG1 enriched on the genome were validated by molecular and system-level approaches. Results showed that signaling levels of cellular ROS generated by TNFα, induced enrichment of OGG1 at specific sites of chromatinized DNA, primarily in the regulatory regions of genes. OGG1-ChIP-ed genes are associated with important cellular and biological processes and OGG1 enrichment was limited to a time scale required for immediate cellular responses. Prevention of OGG1-DNA interactions by siRNA depletion led to modulation of NF-κB's DNA occupancy and differential expression of genes. Taken together these data show TNFα-ROS-driven enrichment of OGG1 at gene regulatory regions in the chromatinized DNA, which is a prerequisite to modulation of gene expression for prompt cellular responses to oxidant stress.
Introduction
Oxidatively modified DNA base and strand lesions are genotoxic, mutagenic, and implicated in various human pathologies [1, 2] . While their levels in DNA vary according to sequence context, chromatin accessibility, and the nature of the oxidants, 7, 8-dihydro-8-oxoguanine (8-oxoG) is the most abundant lesion due to guanine (G) having the lowest redox potential among the four nucleobases [3, 4] . Although 8-oxoG and other oxidatively modified G lesions (2,6-diamino-4-hydroxy-5-formamidopyrimidine: FapyG, spiro-, and guano-hydantoins) can be repaired by base-specific DNA repair enzymes, including Nei-like 1 and 2 (NEIL1, NEIL2) glycosylases [5] [6] [7] , OGG1 is the primary glycosylase to remove 8-oxoG. OGG1 has base excision and associated AP lyase activities. The latter cleaves DNA at abasic site via a β-elimination mechanism and generates a 3′-phospho-α, β-unsaturated aldehyde terminus (3'dRP) and 5'-phosphate (apurinic/apyrimidinic [AP]) site. AP sites are removed by apurinic/apyrimidinic endonuclease 1 (APE1) to form polymerase-ready 3'OH residues. Gap filling can involve 1-nt incorporation by DNA polymerase β (Polβ) in the short-patch repair sub-pathway or the displacement synthesis of 2-8 nts by either Polβ or replicative DNA polymerase delta in the long-patch repair sub-pathway [5, 8, 9] .
Guanine oxidation is linked to mutagenesis and many pathologies; however, Ogg1 knock out (Ogg1 -/-) mice are viable, have unaltered lifespan, display no marked pathological changes, and show moderate mutation rate despite supra-physiological levels of 8-oxoG in their genomes [10] [11] [12] . In spite of the well-defined roles of OGG1 in removal of oxidative DNA base lesion(s), the decreased immune responses to various inflammatory agents including TNFα, lypopolysacharide, allergens, or Helicobacter pylori infection [13] [14] [15] as well as development of metabolic disorders in Ogg1 -/-mice [16, 17] indicate additional functions of OGG1. Recent studies showed that 8-oxoG may function as an epigenetic mark and OGG1 has distinct roles in regulation of gene expression (for reviews see [18] [19] [20] ). For example, increased formation of 8-oxoG in guanine-rich proximal promoter regions of hypoxia-modulated genes was accompanied by BER function of OGG1 followed by transcriptional activation [21] [22] [23] . Another study showed that OGG1 (via its AP lyase activity) introduces a nick into the DNA strand and provides an entry point for topoisomerase II-β promoting estrogen-induced gene expression [24] . In this experimental system, guanine oxidations were initiated onsite by histone demethylation via DNA lysine demethylase1 (LSD1) [24, 25] . Similar LSD1-dependent guanine oxidation, OGG1 recruitment, and transcriptional activation of genes were observed in retinoic acid and androgens challenged cells [26, 27] . A study by Seifermann and co-workers demonstrated the existence of an OGG1 and LSD1 dependent mechanism of TNF expression upon activation of macrophages by LPS [28] . Dr. Burrows and colleagues demonstrated that 8-oxoG in potential G-quadruplex-forming sequences in the promoter is a signaling entity and that only OGG1's enzymatic activity is needed for the initiation of gene expression [29] [30] [31] .
Studies have also shown that cytokine exposure of cells increased 8-oxoG levels primarily in gene regulatory sequences along with enzymatic inactivation of OGG1 [32, 33] . Oxidatively inactivated OGG1 recognizes and binds genomic 8-oxoG without its excision, which was linked to the prompt expression of chemokines and cytokines and consequent inflammatory response [19, 33, 34] . Our studies using chromatin immunoprecipitation, also revealed that the OGG1-DNA interaction in promoter sequences of C-X-C motif chemokine ligand 2 (Cxcl2) facilitates the recruitment of the sequence-specific transacting factors nuclear factor kappaB (NF-κB) and specificity protein 1 (Sp1), general transcription factor II-D (TFIID), and phosphorylated RNA polymerase II (p-RNA pol II) [32] . Consistent with these data, OGG1 bound to DNA at 8-oxoG upstream from the NF-κB binding motif, increased its DNA occupancy by promoting the binding of both the homodimeric and heterodimeric forms of NF-κB [33, 34] .
Here, we performed chromatin immunoprecipitation-coupled sequencing (ChIP-seq) to examine the stimulus-driven association of OGG1 with chromatinized DNA. Our analysis revealed that ROS generated by TNFα exposure of cells led to OGG1 enrichment primarily at the regulatory regions of a large number of genes for an immediate global cellular response. OGG1 recruited to specific genomic regions is functional, and OGG1 antibody ChIP-ed genes are constitute various signal transduction pathways and are predicted to modulate complex biological processes involving metabolic and immune responses.
Materials and methods

Reagents and antibodies
TNFα was purchased from PeproTech Inc (Rocky Hill, NJ); Tris, NaCl, EDTA, EGTA, Nonidet P-40, sodium pyrophosphate, glycerophosphate, Na 3 VO 4 , NaF, aprotin/leupeptin/PMSF, sodium dodecyl sulfate, and paraformaldehyde were from MilliporeSigma (St Louis, MO, USA). Antibodies (Abs) to RelA(NF-κB) (Cat # sc-8008 ×; Santa Cruz Biotech; Santa Cruz, CA), control IgG (Cat # sc-2025; Santa Cruz Biotech). Anti-OGG1 and anti-Flag (M2, Cat # F1804) Abs were from Abcam (Cambridge, MA, USA) and MilliporeSigma, respectively.
Cell cultures
Human Embryonic Kidney 293 (HEK 293); ATCC; American Type Culture Collection) cells were maintained in MEM medium. The media was supplemented with 10% fetal bovine serum (Hyclone, GE, Healthcare Life Sci. LTD), penicillin (100 units/ml; GIBCO-BRL, Gaithesburg, MD, USA), and streptomycin (100 μg/ml; GIBCO-BRL). Cells were regularly tested for mycoplasma contamination.
siRNA-mediated depletion of gene expression
To deplete OGG1 expression from cultured cells, small interfering (si)RNA transfection was performed using Lipofectamine® RNAiMAX reagent (Thermo Fisher Scientific), per the manufacturer's instructions. siRNA to down-regulate human OGG1 (Cat# M-005147-03-0005) was purchased from Dharmacon (Pittsburg, PA, USA). Extent of OGG1 depletions were determined by real-time PCR and Western blotting [35] .
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts (NE) were prepared using a CelLytic™NuCLEAR™ Extraction Kit (NXTRACT, Sigma-Aldrich) and protein concentration was determined with the DC™ Protein Assay Kit (Bio-Rad). Biotinylated wild-type, 8-oxoG and NF-κB binding site-containing double-stranded oligonucleotide probes were used for EMSA. Probes (10 fmol) were mixed with NE (2 µg) for 10 min at room temperature in buffer containing 2 mM HEPES (pH 7.5), 4 mM KCl, 1 mM dithiothreitol (DTT), 0.25 mM MgCl 2 , 0.001% NP-40, 50 ng/μl of poly(dI-dC) and 1 mg/ml BSA. Unlabeled probes were used for competition experiments. Samples were resolved on a 6% DNA retardation gel (Invitrogen) in 0.25 ×Tris/ Borate/EDTA (TBE) buffer. Visualization of NF-κB-DNA complexes was carried out with LightShift chemiluminescent EMSA kit (Thermo scientific) with modifications). Probes: Wild type (P WT ): 5'-TGGGGAGTG TGAGGGGTATCCGATGCTTG-3') and 8-oxoG containing (P * ): 5'-TG * GGGAGTGTGAGGGGTATCCGATGCTTG-3'; complementary strand was wild type: 5'-CAAGCATCGGATACCCCTCACACTCCCC-3' sequence. Underlined sequences show NF-κB motifs.
RNA extraction and real-time PCR analysis
Total RNAs were extracted using an RNeasy total RNA purification kit according to the manufacturer's instructions (Qiagen). Complementary DNA was synthesized from 1 μg of total RNA using an iScript cDNA synthesis kit with oligo (dT) and random primers (Bio-Rad Laboratories). Transcript levels of genes were quantitated by qPCR using iQ SYBR green supermix (Bio-Rad Laboratories) with gene-specific primers from Integrated DNA Technologies (see below). Gene expression values were calculated on the basis of the 2 −ΔΔCT method and normalized with internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [35] . Primers: hGAPDH, forward (F), 5'-TGTAGT TGAGGTCAATGAA GGG-3', reverse (R), 5'-ACATCGCTCAGACACC ATG-3'; TNF, 
Chromatin Immunoprecipitation (ChIP) Assay
ChIP assays were performed as described previously [36] with slight modifications. Briefly, parallel cultures of HEK 293 cells were transfected with Flag-OGG1 expression vector and 30 h thereafter cells were stimulated with TNFα for 0, 15, 30 and 60 min. The cells were harvested, and ChIP assays performed using Abs against FLAG, RelA(NF-κB) or IgG. ChIP reagents were used according to the recommended protocol from Millipore Corporation (Billerica, MA, USA). Cells (5 ×10 6 ) were cross-linked with 1% paraformaldehyde and sheared with 10-second pulses using Cole-Parmer's GEX 130 Ultrasonic processor (Vernon Hills, IL, USA) equipped with 2-mm tip and set to 30% of maximum power. One ml of the 10-fold diluted reaction mixture was incubated with or without Abs and then immunoprecipitated (IP) with protein A-or G-agarose (Millipore, Corporation Billerica, MA, USA) blocked with salmon sperm DNA. Before adding Abs (Flag, RelA(NF-κB) and agarose beads, one tenth of the dilution was directly subjected to DNA extraction and used as input. The precipitates were washed extensively, de-cross-linked, and subjected to RT-PCR. Primers for PCR amplification are listed in Table 1 . ChIP-qPCR calculations were performed as described previously [37] . In brief, protein specific Ab ChIPed DNA signal intensity value was divided by the intensity value of the IgG-ChIP-ed signal, representing the fold enrichment of the protein on the specific region of genomic DNA.
ChIP-sequencing and analysis
Immunoprecipitated DNA was isolated and DNA fragments (300 ± 25 bp) were gel purified. Approximately 10 ng of OGG1 and RelA(NF-κB) Ab-as well as IgG-ChIP-ed DNA was sequenced by highthroughput DNA sequencing using a Solexa/Illumina genome analyzer (Ambry Genetics). All sequence reads produced by the Illumina genome analyzer were analyzed by base calling and sequence quality filtering scripts using the Illumina Pipeline software (version 1.4.0; Illumina, Hayward, CA) at UTMB's Next-Generation Sequencing (NGS) Core Facility (Director: Dr. Thomas G. Wood). ChIP-Seq data have been deposited in the NCBI's Gene Expression Omnibus (GEO) and is accessible through the GEO Series accession number GSE89017. The raw data were submitted for analysis to BioInfoRx LESS™ (Lab Essential Software Solutions) (https://bioinforx.com/lims2/; Madison, WI). The sequence reads were analyzed by Model-based Analysis of ChIP-Seq (MACS) program [38] . ChIP-ed sequences were aligned to the reference human genome assembly GRCh38/hg38). BED and wiggle (WIG) files were created using the University of California at Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/index.html). To identify potential regulatory elements in OGG1 and NF-κB-ChIP-ed sequences, Hypergeometric Optimization of Motif EnRichment (HOMER) (http:// homer.ucsd.edu/homer/ motif/index.html) was utilized. HOMER is a motif discovery algorithm (findMotifs.pl and findMotifsGenome.pl), that identifies motifs in promoter and genomic regions, respectively (https://bioinforx.com/lims2/). To obtain visual locations of enrichment peaks, the high-performance visualization tool, Integrative Genomics Viewer (IGV; http://software.broadinstitute.org/software/ igv/home) was utilized [39, 40] .
Gene ontology and gene interaction analysis
Gene ontology (GO) and signaling pathways were analyzed by Gene Ontology enRIchment anaLysis and visuaLizAtion tool (GOrilla; http:// cbl-gorilla.cs.technion.ac.il/. GOrilla employs flexible threshold statistical approaches to discover GO terms that are significantly enriched at the top of a ranked gene list. GOrilla computes an exact p-value for the observed enrichment, taking threshold multiple testing into account without the need for simulations [41] . The output of the enrichment analysis is visualized as a hierarchical structure, providing a clear view of the relations between enriched GO terms.
To identify gene sets involved in specific biological processes, the GeneCards database integrated from the Human Genome Organization, Gene Nomenclature Committee, European Bioinformatics Institute, and National Center for Biotechnology Information and Database of Allergy and Asthma Biomarkers, and others, were utilized (http://www. genecards.org).
Statistical analysis
Statistical analyses were performed using Student's t-test to analyze changes at the mRNA and protein levels. Data from treatment groups were analyzed by using ANOVA, followed by Bonferroni post-hoc analyses for least significant difference. The data presented as the means ± the standard error of the mean. Differences were considered to be statistically significant at p < 0.05.
Table 1
The sequence of PCR primers used in this study.
Gene name
Base pairs Location Sequence
3. Results
ROS generated by TNFα induced enrichment of OGG1 in the chromatinized DNA
FLAG-OGG1 (OGG1)-expressing cells were exposed to a physiologically relevant dose of ROS generated by TNFα (TNFα-ROS) [32, 42] . At times 0, 15, 30, and 60 min, DNAs were ChIP-ed using antibodies (Abs) to OGG1 (anti-FLAG Ab), or IgG. Both ROS-and TNFα are activators of NF-κB of which sequence-specific binding in the chromatin is well characterized [43] [44] [45] , therefore ChIP with RelA(NF-κB) Ab served as a control. The replicates of ChIP-ed DNA samples were sequenced and reads were aligned and mapped to the human genome (hg38). Enrichment peaks that were 4-fold over the background and shown to have a cumulative Poisson P-value of less than 0.0001 were taken into account. The sequence alignment analysis showed that the OGG1 enrichment occurred at specific genomic regions from 15 min onward and reached the maximum at 30 min after TNFα exposure. The enrichment peaks were primarily associated with guanine-rich promoter sequences and substantially fewer enrichment peaks were observed on exon, intron, UTR, and intragenic regions. As shown in Fig. 1A (left panel), 13,227 enrichment peaks (P-values from < 10 -5 to < 10
) for OGG1 were identified at 30 min. In comparison, NF-κB was recruited to 8741 cis-acting target sequences on a genome-wide scale (Fig. 1A , right panel). For example, at 30 min post-exposure, in a 1,000-bp range, 45.1% of OGG1's enrichment peaks were localized to promoters-TSS, 28.3% to introns, and 15.2% to exons. There were low numbers of enrichment peaks of OGG1 on intergenic (4.2%), 5'UTR (4.1%), 3'UTR (0.6%), and other non-coding (2.3%) genomic regions (Fig. 1B, left  panel) . The distribution of NF-κB enrichment peaks are in line with previous observations [48] . Strikingly, the distribution of OGG1 enrichment peaks are similar to those of NF-κB at 1000 bp or longer (2000, or 10,000 bp ± TSS) genomic region (Fig. 1B, right panel) . Moreover, the allocation of the OGG1 and NF-κB enrichment peaks relative to TSS (between +2000 and −2000 bp) are similar (Fig. 1C , upper and lower panels). Of note, the Homer motif discovery program did not identify any specific genomic sequence element for OGG1, suggesting that its enrichment on DNA occurs at its genomic substrate, 8-oxoG (or FapyG).
To examine whether OGG1 Ab-ChIP-ed genes are attributed to biological processes, system level analyses were performed using Gene Ontology (GO) enRIchment anaLysis and visuaLizAtion tool (GOrilla) [41] . To do so, a ranked list of genes (peak scores < 10 -5 ) was submitted to Gorilla. The results are summarized in Fig. 1D and Supplementary Table 1 . GO analysis showed that OGG1-ChIP-ed genes are involved in various biological processes, including responses to oxidative stress (P = 1.04E-23), cellular redox homeostasis (P = 2.30E-12), regulation of cellular response to oxidative stress (P = 7.24E-09), and negative regulation of programmed cell death (P = 1.97E-11). GO analysis also revealed that OGG1 Ab ChIP-ed genes are involved in positive regulation of cellular metabolic process (P = 4.15E-09), mitochondrial function [mitochondrial membrane potential (4.84E-08) and depolarization (P = 4.51E-07)], and regulation of inflammatory responses (P = 5.51E-07). These biological processes are driven at the transcriptional level [DNA-templated transcription (P = 1.95E-08), transcription from RNA polymerase II dependent promoters (P = 2.55E-09), the positive regulation of gene expression (P = 1.03E-07)] (Fig. 1D ). These results together are supported by data that showed an increased susceptibility to obesity and related pathologies [16, 17] , aberrant innate and adaptive immune responses in Ogg1 -/-mice [13, 14, 19, 46] , developmental abnormalities of the central nervous and cardiovascular system in Ogg1 deficient zebrafish [47, 48] , and aging processes [49] .
Enrichment peaks of OGG1 are primarily located at gene regulatory regions
A representative segment of chromatin (chromosome (Crh) 4: 73836556 bp to 73998729 bp) with a cluster of 5 genes was selected to visualize OGG1's enrichment peaks using Integrative Genomics Viewer (IGV, Materials and Methods) and human genome-38 as reference ( Fig. 2A) . Visualization by IVG showed that the enrichment peaks of OGG1 were located at 5' end of each genes encoding the C-X-C motif chemokine ligand 6 (CXCL6), platelet factor 4 variant 1 (PF4V1), C-X-C motif chemokine ligand 1 (CXCL1), platelet factor 4 (PF4), and C-X-C motif chemokine ligand 5 (CXCL5) (Fig. 2A) . Intriguingly, there was no or low level of OGG1 enrichment observed on intergenic and coding regions. In controls, enrichment peaks of the sequence-specific NF-κB are localized to the 5' end of genes, similar to OGG1. To visualize genomic locations of enrichment peaks at higher resolution, we selected C-C motif chemokine ligand 20 (CCL20), CXCL1, and interleukin 6 (IL6) (Fig. 2B, C, D) , as well as CXCL5, CXCL6, nuclear factor-kappa-B p65 subunit (RELA), lymphotoxin alpha (LTA), intercellular adhesion Gene Ontology enRIchment anaLysis and visuaLizAtion tool (GOrilla). The overrepresentation levels of each biological process are expressed as -log (P value) and calculated using Microsoft Excel. B, C, Lists of TSSs were generated by the human TSS track (Switchgear Genomics via the USCS Genome Browser [51] ). Reports of the distances from the best TSS are plotted. Data for the 30 min time point are shown. TSS, transcription start site. molecule 1 (ICAM1), C-X-C motif chemokine ligand 12 (CXCL12), and NF-kappa-B inhibitor beta (NFKBIB) (Supplementary Fig. 1 and 2 ). OGG1 enrichment on nerve growth factor (NGF) is shown as an example of a non-inflammatory gene ( Supplementary Fig. 2 ). Results showed that enrichment peaks of OGG1 were primarily localized to TSS-adjacent regulatory sequences and fold changes in the enrichment were time-dependent. There were one only of two scenarios observed for the OGG1 enrichment at time 0: either 1) a lack of, or insignificant levels of OGG1 enrichment (Fig. 2B) , or 2) OGG1 was already present on TSS-adjacent promoter regions (Fig. 2C, D, upper panels) . A typical example for the scenario #1 is the TNF promoter itself, as we documented previously [33] , or CCL20 of which the enrichment of OGG1 on regulatory region was 0.1-0.8-fold over the background (Fig. 2B) . Scenario #2 is valid for a greater portion of the tested genes: OGG1 was present to varying extents in the proximal promoter regions at time 0 (Fig. 2C, D and Supplementary Fig. 1,2) . Importantly, the enrichment of OGG1 was increased from 15 min onward (for both scenarios). Taking CXCL1 and IL6 genes as examples, a 3-to 4-fold enrichment of OGG1 was observed at 15 min, which further increased to 12-to 14-fold over background by 30 min (Fig. 2C, D) . In the case of NF-κB, low level enrichment was seen at time 0; however, from 15 min post-exposure, it gradually enriched, showing a maximum at 30 min (3-to 5-fold over background) in response to TNFα-ROS exposure. As expected, the NF-κB enrichment peaks aligned with its putative genomic binding sites (Fig. 2B , C, D, lower panels). At 60 min, OGG1 at proximal promoter regions was under the detectable level, while NF-κB enrichments persisted and were 2-to 4-fold (Fig. 2B , C, D and Supplementary Fig. 1,2) . To confirm the enrichment of OGG1 at TSS-adjacent genomic regions, we designed primers based on the genomic sequences surrounding OGG1's enrichment peaks. We also considered the proximity of the putative NF-κB binding sites (e.g., 5-GGGRNYYYCC-3; in which R is purine, Y is pyrimidine, and N can be any nucleotide; [50] ) as OGG1 facilitates DNA occupancy of transcription factors including NF-κB [32, 33] . The sequences of validated primer pairs are shown in Table 1 (Materials and Methods). The parallel cultures of FLAG-OGG1-expressing cells were mock-or exposed to TNFα-ROS for 30 min, and ChIPs In A and B, cells were exposed to TNFα for 30 min, DNAs were ChIP-ed with Ab to FLAG(OGG1) or RelA(NF-κB) and the genomic regions were PCR-amplified (Materials and Methods) (n = 3). Fold changes were calculated as described in Materials and Methods [37] . **p < 0.01, ***p < 0.001. TNF, tumor necrosis factor; CXCL1, C-X-C motif chemokine ligand 1; CXCL5, C-X-C motif chemokine ligand 5; CXCL6, C-X-C motif chemokine ligand 6; CXCL12, C-X-C motif chemokine ligand 12; IL6, interleukin 6; LTA, lymphotoxin alpha (TNF superfamily, member 1); ICAM, intercellular adhesion molecule 1; NFKBIB, NF-κB inhibitor beta; RELA, v-Rel avian reticuloendotheliosis viral oncogene homolog A, an NF-κB subunit.
were carried out using Ab to FLAG(OGG1). For controls, ChIPs were performed using Ab to RelA(NF-κB). As shown in Fig. 3A , in response to TNFα-ROS exposure, OGG1 showed an average enrichment of 8.8-, 17.5-, 5.9-, 7.1-, 10.5-, 9.2-, 7.8-, 4.4-, 5.5-, and 8.2-fold compared to mock-exposed cells for TNF, CXCL1, CXCL5, CXCL6, CXCL12, IL6, LTA, ICAM1, NFKBIB, and RELA, respectively (Fig. 3A) . These results strongly support and complement the data shown in Fig. 2B and Supplementary Fig. 1,2 . For the controls, increases in NF-κB's enrichment on these genomic regions (Fig. 3B) are consistent with the presence of its binding sites [45, 51] .
OGG1 enrichment on chromatinized DNA is functional
Ogg1
-/-mice show aberrant immune responses [13, 14, 46] and our system level analysis using Gorilla identified the regulation of immune responses as a highly significant GO category (Fig. 1D) . Thus, we next examined the significance of OGG1 Ab ChIP-ed genes in the immune responses. We first collected all the genes that had previously been associated with innate immune response (IIR) by using the GeneCards database (Materials and Methods). The list consisting of 1294 IIR genes was "overlaid" onto the OGG1 Ab-ChIP-ed genes, out of which 840 were identical. In controls, 769 NF-κB Ab ChIP-ed genes were present among the 1294 genes identified by GeneCards. The results showed that 673 (80%) genes were present in both the OGG1-Ab-ChIP-ed and NF-κB-Ab-ChIP-ed genes, whereas 167 and 96 were unique to each, respectively (Fig. 4A ). The majority of OGG1 and NF-κB enrichment peaks were found on promoter-TSS (392 OGG1 and 373 NF-κB) and exon I (277 OGG1 and 249 NF-κB), whereas substantial differences were observed between OGG1 and NF-κB in their enrichment at 5'UTR and introns (Fig. 4B ). To gain further insight into the major GO categories associated with the OGG1-ChIP-ed genes, the ranked list of 840 IIR genes (peak scores from < 10 −5 to 10 −20 ) was submitted to GOrilla [41] . Results showed that OGG1-ChIP-ed genes are most significantly related to the host defense response (P = 7.76E-19), immune system processes (P = 1.82E-15), inflammatory response (P = 2.34E-14), response to biotic stimulus (P = 7.32E-14), defense response to other organisms (P = 2.10E-13), and response to external biotic stimulus (P = 3.32E-13) (Fig. 4C, Supplementary Table 2) . Moreover, the hierarchical structure and relationship among enriched GO terms showed that IIR processes manifest via generation and secretion of soluble mediators (cytokines, chemokines, and ILs) ( Fig. 4D ; overrepresentation levels are expressed as -log (P value)) and colour coded). The most significantly modulated processes involve the positive regulation of cytokine production (P = 1.81E-10), including TNFα (P = 3.18E-06), IL6 (interferon, beta 2; P = 3.62E-07), C-X-C motif chemokine ligand 8 (IL8) (P = 1.39E-07), and interleukin-1 production (P = 3.22E-06). The heterodimeric interleukin 23 (IL23, 3.34E-04) and IL-17 (P = 1.4E-04) were also significantly modulated. These data are in line with the enrichment of OGG1 on regulatory regions of CXCLs, CCLs, and ILs (Figs. 2, 3 and Supplementary Fig. 1,2 Fig. 3,4) . Next, we examined the functional significance of TNFα-generated ROS-induced OGG1's enrichment on gene regulatory sequences (Figs. 1,2,3) . To do so, OGG1 was siRNA-depleted or not and cells were mock-or TNFα-ROS exposed for 1 h [time point is previously defined [32, 52] . RNAs were isolated and changes in mRNA levels were determined utilizing human inflammatory cytokines and receptors array (Materials and Methods). The expression of numerous pro-inflammatory chemokines and cytokines was significantly increased in TNFα-ROS-exposed cells compared to that of mock-treated ones. At 1 h post exposure, increases in mRNA levels of CCL20, CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, CXCR1, and TNF were 11.7-, 87.7-, 30.8-, 18.7-, 6.8-, 20.7-, 5.1-, and 21.9-fold, respectively. mRNA levels for other inflammatory mediators and receptors did not significantly change at this time point (Fig. 5A) . The siRNA depletion of OGG1 significantly decreased the extent of TNFα-ROS induced pro-inflammatory gene expression. Results summarized in Fig. 5B show decreased mRNA levels of CCL20 (from 11.7-to 0.5-fold), CXCL1 (from 87.7-to 3.9-fold), CXCL8 (from 20.7-to 2.2-fold), CXCL5 (from 6.8-to 1.0-fold), CXCL2 (from 30.8-to 3.7-fold), and TNF (from 21.9-to 2.8-fold). Interestingly, mRNA levels of CXCL3 were not altered, compared with levels in the OGG1-expressing cells ( Fig. 5B; Supplementary Table 1 ). To confirm these results, changes in gene expression levels were assessed for selected genes (TNF, CXCL1, CXCL3, and CXCL8) by individual qRT-PCR (Fig. 5D,E,F,G) . Of note, OGG1 depletion resulted in a decreased basal expression of 62 out of 86 inflammatory genes, while the expression of 5 out of 86 genes was increased by 2-2.5-fold compared to that in mock-treated OGG1 proficient cells (Fig. 5C, Supplementary Table 1) . A three-dimensional illustration of these data is shown in Supplementary  Fig. 3. Fig. 5H documents the levels of OGG1 at mRNA and protein Fig. 4 . Location of OGG1 and NF-κB enrichment peaks and overrepresented IIR processes associated with OGG1 Ab-ChIP-ed genes. A, Unique and overlapping genes ChIP-ed by OGG1-and RelA(NF-κB)-Abs in the IIR pathway. IIR genes (1294) identified by GeneCards database was "overlaid" onto the OGG1 and NF-κB Ab-ChIP-ed genes. B, Genomic location of OGG1 and NF-κB enrichment peaks in the IIR genes. C, Gene ontology categories defined by Gorilla, based on OGG1 ChIP-ed genes. The ranked list of genes was submitted to GOrilla online system, and the GOrilla-defined overrepresentation levels of each biological process are expressed as -log (P value), as depicted utilizing the Microsoft Excel program. D, A hierarchical structure and relationship among enriched gene ontology (GO) terms based on OGG1-Ab ChIP-ed IIR genes. Genes were ranked according to their peak score and given as input to GOrilla. The resulting GO terms were visualized by using a DAG graphical representation tool with color coding reflecting the degree of enrichment [41] . GOrilla, gene ontology enRIchment anaLysis and visuaLizAtion system; IIR, innate immune response; 5'UTR, five prime un-translated region. levels prior and after siOGG1-mediated depletion. Taken together, these data imply that the enrichment of OGG1 on gene regulatory regions has important functions in induced expression of genes.
Chromatin-associated OGG1 acts jointly with transacting factors for efficient gene expression
The gene ontology enrichment analysis identified a highly significant association of OGG1 ChIP-ed genes with DNA-templated transcription from RNA polymerase II dependent promoters, suggesting key roles for products from OGG1 modulated genes in regulation of gene expression (Fig. 1D) . To build on these observations, we tested whether products of OGG1 Ab ChIP-ed genes are involved in the activation and DNA binding of sequence-specific binding proteins by means of NF-κB as an example. The ranked list of genes ChIP-ed by both OGG1 and NF-κB Abs in the IIR pathway (Fig. 4A) was submitted for GO analysis by using GOrilla visualization system. The results showed that OGG1 Ab ChIP-ed genes are involved in signal transduction, positive regulation of I-κB kinase and NF-κB transcription factor activity, NF-κB's post-translational modification, transcription factor import into the nucleus, and the sequence-specific DNA binding of transcription factor activity ( Supplementary Fig. 6 )
To associate these observations with close proximity of enrichment peaks of OGG1 and NF-κB (Fig. 2) , we tested whether OGG1 plays a role in the DNA occupancy of NF-κB in the chromatin. Cells were OGG1-depleted by siRNA or not (control siRNA) and exposed to TNFα-ROS for 30 min; then DNAs were ChIP-ed with RelA(NF-κB) Ab. Results from ChIPs showed (Fig. 6A) OGG1 depletion decreased in NF-κB's DNA enrichments for LTA, IL6, CCL20, TNF, CXCL1, and CXCL6, but it had no significant effect on RELA, NF-KBIB, and ICAM1. Fig. 6B shows the expression of OGG1 prior to and after siRNA depletion. These data In A and C, cells were OGG1-depleted by siRNA and cells in B and C were exposed to TNFα (20 ng per ml) for 30 min. In A,B,C, changes in gene expression were determined using the human inflammatory cytokines and receptors array (Materials and Methods). D, E,F,G) Expression of TNF, CXCL1, CXCL3 and CXCL8 as a function of OGG1 expression assessed by individual qRT-PCR. H, OGG1 mRNA and protein levels prior and after the siRNA silencing of OGG1. In A to H, fold changes in gene expression were calculated by the 2 −ΔΔCT method and normalized with GAPDH. **** p < 0.001. CXCL1, Chemokine (C-X-C motif) ligand 1; CCL20, Chemokine (C-C motif) ligand 20; CCL2, Chemokine (C-C motif) ligand 2; TNF, Tumor necrosis factor; CXCL2, Chemokine (C-X-C motif) ligand 3, CXCL3, Chemokine (C-X-C motif) ligand 3; CXCL12, Chemokine (C-X-C motif) ligand 8; CXCL5, Chemokine (C-X-C motif) ligand 5; CXCL2, Chemokine (C-X-C motif) ligand 2. Fold changes in mRNA levels are shown in Supplementary Table 1. Fig. 6 . Role of OGG1 in NF-κB's DNA occupancy in the chromatin and in vitro. A, OGG1 modulates DNA occupancy of NF-κB in the chromatinized DNA. Cells were OGG1-depleted or not and TNFα-exposed for 30 min. DNA was ChIP-ed by using RelA(NF-κB) Ab and subjected to q-PCR. Results are expressed as the fold enrichment relative to the IgG control. Fold changes were calculated as described in Materials and Methods [36] . B, Expression of OGG1 at the RNA and protein levels prior to and after OGG1 siRNA depletion. ***p < 0.001. C, OGG1 binds exclusively to DNA containing 8-oxoG. D, Binding of NF-κB from crude nuclear extracts of TNFα-exposed cells to DNA containing its consensus sequence in the lack (P wt ) and presence of 8-oxoG (P oxoG ). E, Binding site occupancy of NF-κB is OGG1-dependent in crude nuclear extracts. DNA occupancy of NF-κB from NEs isolated from OGG1-expressing (si-cont) and OGG1-depleted (siOGG1) TNFα-exposed cells onto P WT and P oxoG probes. Electromobility shift assays (EMSA) were performed as described in Materials and Methods. P, probe; TNF, Tumor necrosis factor; LTA, Lymphotoxin alpha (TNF superfamily, member 1); CXCL1, Chemokine (C-X-C motif) ligand 1; CCL20, Chemokine (C-C motif) ligand 20; IL6, interleukin 6; RELA, v-Rel avian reticuloendotheliosis viral oncogene homolog A, an NF-κB subunit; NFKBIB, NF-κB inhibitor beta; ICAM, Intercellular adhesion molecule 1.
complement the results showing down-regulation, up-regulation, or no effect of OGG1 on gene expression (Fig. 5, Supplementary Table 1 ). Although additional work is required, these data strongly suggest that the binding of OGG1 to its genomic substrate 8-oxoG, as well as gene products regulated by OGG1, modulate DNA occupancy of transcription factors in the chromatin. To this end, in addition to NF-κB, numerous additional transcription factor binding motifs were identified in proximity to OGG1 enrichment sites (-log P-values are between 1e-797 and 1e-10; Supplementary Table 4) . To obtain evidence for interaction of OGG1 with DNA at 8-oxoG, we performed electrophoretic mobility shift assay (EMSA) using wild-type synthetic DNA (probe: P WT ) and an 8-oxoG-containing probe (P oxoG ).
These probes also contained guanine-rich NF-κB binding motif (5'-GGGGTATCC-3') [50, 54] . 8-OxoG was placed upstream (8 bp) from the NF-κB motif (Materials and Methods and as we described previously [33] ). As shown in Fig. 6C , OGG1 did not bind to P WT , while it did bind specifically to P oxoG in a concentration-dependent manner (Fig. 6C) .
These results support the hypothesis that the enrichment of OGG1 in the promoter region occurs at 8-oxoG in the chromatin. To test whether OGG1-DNA interaction at 8-oxoG increases DNA occupancy of transcription factor(s), nuclear extracts (NE) were isolated from OGG1-expressing cells and NF-κB binding to P WT and P oxoG was examined by using EMSA. NF-κB's DNA occupancy was excessive on the probe containing 8-oxoG compared to that on P WT (Fig. 6D) . NF-κB binding to P WT in NEs isolated from OGG1-depleted TNFα-ROS-stimulated cells was slightly affected, while its DNA occupancy on the probe containing 8-oxoG was decreased nearly to a level similar to that observed on P WT (Fig. 6E) . Together, these data suggest that the enrichment of OGG1 in the proximity of NF-κB binding sites facilitates sequence occupancy of NF-κB in the chromatin.
Discussion
OGG1 is the primary enzyme that initiates repair of oxidatively modified guanine base lesions including 8-oxoG and FapyG (reviewed in [55] ). Recent evidence also suggests that 8-oxoG has an epigenetic role and OGG1 is a modulator of gene expression [18, 20, 21, [23] [24] [25] [31] [32] [33] 56] . Here, for the first time, we document a TNFα-stimulated, ROS-dependent enrichment of OGG1 on specific genomic regions of the chromatinized DNA. Nearly half of the OGG1 enrichment peaks were localized to TSS-adjacent regulatory regions, which was limited to a time scale required for prompt cellular responses. OGG1 enrichment on these specific regions of chromatin is functional as shown by OGG1's impacts on NF-κB's DNA occupancy and differential gene expression. System level analysis implied that OGG1-ChIP-ed genes are primarily involved in the regulation of cellular responses to oxidative stress, and cellular redox homeostasis that can potentially affect complex physiological and patho-physiological cellular biological processes. Together, these data demonstrate that the ROS-driven enrichment of OGG1 at specific sites of the chromatin is a prerequisite to gene expression, for prompt cellular responses to oxidative stress.
Results from ChIP sequence alignment analysis revealed that nearly half of OGG1 enrichment peaks were localized to TSS-adjacent regulatory regions; however, the Homer motif discovery program failed to identify specific genomic sequence element(s) for OGG1 binding, suggesting that its DNA interactions may occur at its genomic substrate(s). This hypothesis is in line with the observed preferential increase in levels of 8-oxoG lesions within proximal, but not distal, promoter regions both in human and mouse cells after TNFα-ROS exposure as shown by Flare-qPCR [32] [33] [34] . This possibility is also supported by our previous data, showing that preventing guanine oxidation in TNFα-exposed cells decreased OGG1 enrichment to background levels [32] [33] [34] . Ding and his colleagues have identified regions of the genome that are less protected from ROS, primarily in the promoter and UTR regulatory regions acquiring greater levels of 8-oxoG and increased OGG1 binding [30] . Studies by Dr. Gillespie's lab showed that the physiologically relevant ROS induced by hypoxia resulted in accumulation of 8-oxoG and OGG1 in functionally active promoters including vascular endothelial growth factor (VEGF), whereas the promoter regions of genes not involved in hypoxia response failed to display oxidative guanine modifications [21] [22] [23] . Fleming and his colleagues have elegantly documented that non-random guanine oxidation to 8-oxoG and OGG1 binding were guided to potential guanine quadruplexes upstream from TSS [31] .
OGG1's interaction with its substrate in the genomic DNA primarily occurred at gene regulatory regions as evidenced by sequence alignment and it was gradual between time 0 and 30 min. DNA occupancy for an extended time period was unusual as previous studies performed in vitro showed that the repair of 8-oxoG follows a single-exponential time course and the observed excision rate constant with substratecontaining DNA varied between 0.49 s −1 and 0.74 s −1 [57] . Even though OGG1's turnover on substrate-containing DNA was somewhat dependent on the DNA sequence in neighboring regions, the repair time was within a time range of seconds [57, 58] . The prolonged association of OGG1 with genomic regions may be explained by its inability to excise its substrate(s) possibly due to supra-physiological levels of ROS in TNFa-exposed cells. Bravard and his colleagues documented that oxidative inactivation of OGG1's enzymatic activity occurs mainly by direct oxidation at critical cysteine residues and both its glycosylase and AP-lyase activities are restored along with the normalization of the cellular redox status [59] . In our follow up studies, oxidatively modified OGG1 at cysteine(s) was detected in nuclear extracts of TNFα-exposed cells using biotin-linked trapping reagent that specifically reacts with cysteine sulfenic acid [32, 33] . Another study showed inactivation of OGG1 at cysteine 326 with simultaneous increases in genomic 8-oxoG levels by physiologically relevant levels of TNFα-ROS [42] . Taking these observations together, one may hypothesize that the enrichment of OGG1 on chromatinized DNA likely at its substrate for a prolonged period of time is due to the loss of its enzymatic activity by ROS in cellulo. Enrichment of OGG1 on gene regulatory regions has important roles in modulation of gene expression. Specifically, results showed that both basal and induced expression of cytokines, chemokines and their receptors were altered (primarily decreased) in OGG1-depleted cultured cells after TNFa-ROS exposure. Although distantly, these data are in line with the aberrant/decreased expression of pro-inflammatory mediators as well as the innate and allergic immune responses observed in Ogg1 -/-mice challenged with TNFα, bacterial endotoxin, allergens, or infected with bacterial pathogens (Helicobacter pylori, Pseudomonas aeruginosa) [13] [14] [15] 46, 52, 60] . Both innate and adaptive immune process(es) are regulated by hierarchically organized set of molecular, cellular, and organismal networks driven by large numbers of genes. Indeed, among the nearly 1300 genes in the IIR pathway, 840 were present in OGG1 Ab-ChIP-ed genes as identified by one of the most authentic database GeneCards. In comparison, we found nearly identical numbers of genes ChIP-ed by RelA(NF-κB) Ab in the same list, providing high level of confidence in our data as NF-κB is one of the master regulator of inflammatory gene expression [45] . Our system level analysis revealed that the molecular functions of OGG1 Ab-ChIPed genes are involved in host defense responses, and immune system processes, which are manifested through differential gene expression and secretion of soluble mediators (cytokines, chemokines, and interleukins). Here, we have analyzed only role of OGG1 in the IIR networks; however, using microarray technology, Dr. Lloyd's lab found differentially expressed family of genes in hepatocytes and muscles of Ogg1 -/-compared to Ogg1 +/+ mice prior to and after high fat feeding [16, 17] .
The authors concluded that OGG1 may be linked to the expression of genes involved in cellular metabolism, because there were no notable differences in 8-oxoG levels in genomic and mitochondrial DNA prior to and after development of metabolic disorders [16, 17] . Although the cell type used in our studies is different from muscle or liver hepatocytes, our system level analysis still identified a highly significant association of OGG1 Ab ChIP-ed genes with regulation of metabolic processes and mitochondrial functions, including regulation of mitochondrial membrane potential and depolarization. Binding sequence(s) exclusive for OGG1 cannot be identified, raising the possibility that OGG1 may bind its genomic substrate, 8-oxoG and regulate transacting factor's DNA occupancy concomitantly [21, 23, 26, [32] [33] [34] . This hypothesis is supported by our observations that distribution and location of OGG1's enrichment peaks are in close proximity to those sequences, which are recognized by the sequencespecific binding protein NF-κB. In support, OGG1-depletion led to modulation of NF-κB sequence binding; a decrease in enrichment of NF-κB was observed in promoter regions of TNF, CXCL1, IL6, LTA, and IL6. These observations along with those published previously, imply a role for OGG1 in modulation of transcription factor's (NF-κB, HIF, VEGF, MYC, and SP1) DNA occupancy [21, 25, [31] [32] [33] . Recent studies have documented that in the nuclear extract or in mixture with recombinant NF-κB subunits, OGG1 increased the DNA binding of homo-and heterodimeric NF-κB when 8-oxoG was synthetically inserted into DNA probes [33, 34] . The increases in NF-κB DNA binding exceeded 25-fold, and it was hypothesised that OGG1, by flipping 8-oxoG out of the DNA double helix and interacting with the opposite cytosine, creates changes in adjacent DNA architecture and facilitates NF-κB's DNA occupancy [34] . Of note, the DNA structural changes that occur during base flipping take place in the presence of OGG1 and DNA, requiring neither base excision nor generation of an AP site [61, 62] . Localized structural changes in DNA is a universal feature of bacterial and eukaryotic DNA glycosylases (e.g., Fpg, OGG1, NEILs) [55, [61] [62] [63] thus modulation of transcription factor binding may not be unique to OGG1. For example, NEIL2 decreased NF-κB's DNA occupancy on synthetic DNA or in chromatin [32, 33] . In line with these observations, a recent study showed significantly increased inflammatory responses of Neil2 -/-mice to ROS, LPS, or TNFα compared to wild-type mice [64] . Because deletion of Neil2 has no effect on expression of OGG1, these data can also be interpreted as that NEIL2 opposes OGG1's pro-transcriptional, proinflammatory actions [64] .
According to the present knowledge, OGG1 modulates gene expression via a process that involves its substrate binding with or without involvement of its enzymatic activity [18, 20, 65] . Dr. Burrows' lab documented that increased gene expression occurs when 8-oxoG is excised and AP sites are generated by OGG1 within G-quadruplex-forming sequences in promoters of VGEF and endonuclease IIIlike protein [29] [30] [31] . The scenario involving excision of 8-oxoG and further generation of strand break by OGG1 was shown to be the entry point for topoisomerase II beta (Top IIβ), which mediates DNA conformational changes, leading to estrogen-induced gene expression from the apoptosis regulator BCL-2 or breast cancer estrogen-inducible protein-2 promoters [24] . Similarly, 8-oxoG excision by OGG1 was instrumental in MYC-, retinoic acid-, sirtuin-1, and androgen-driven transcription of genes [25] [26] [27] . In contrast, a series of papers documented that the interaction of the enzymatically inactive OGG1 with DNA at its substrate 8-oxoG was sufficient to prompt expression of chemokines and cytokines [19, 33, 34] . On the other hand, OGG1 was implicated in epigenetic suppression of gene expression for multiple genes via DNA hypermethylation. Xia and colleagues documented that the chromodomain helicase DNA binding protein 4 (CHD4) is recruited by OGG1 bound to genomic 8-oxoG. OGG1-CHD4 complex mediated the recruitment of DNA methyltransferases leading to DNA hypermethylation, consequently to transcriptional silencing of tumor suppressor genes [66] . A recent study documented a role for OGG1 in symmetric dimethylation of histone H4 arginine-3 (H4R3me2s). Specifically, OGG1 at its DNA substrate recruits protein arginine N-methyltransferase 5 (PRMT5), which catalyzes symmetrical dimethylation on arginine-3 and results in gene silencing [67] . Of note, Dr. Ba and her colleagues aligned OGG1 enrichment peaks identified by our ChIP-seq analysis with both hypo-and hyper-methylated sites on the chromatinized DNA (manuscripts in preparation).
Conclusion
Oxidative modification to DNA strands and nucleobases -induced or accidental-is associated with unfavorable consequences, including mutations or loss/gain in genetic information, which are prevented by DNA repair proteins. However, mounting recent data support the hypothesis that some of the genomic base modifications primarily 8-oxoguanine along with the cognate repair protein OGG1 has distinct roles in gene expression. In light of these data, we performed ChIP-coupled sequencing and made advances by showing TNFα-induced, ROS-driven enrichment of OGG1 at specific regulatory regions of large numbers of genes in the chromatinized DNA. ChIP-sequence alignment analysis showed preferential promoter enrichment of OGG1 -located in close proximity of transcription factor's binding motifs. OGG1 at gene regulatory regions is functional as it modulates the binding of transacting factors and gene expression. It appears that ROS from intrinsic and extrinsic sources yield 8-oxoguanine in guanine-rich promoters, where it serves as an epigenetic mark, and the bound OGG1 provides a platform for the assembly of the transcriptional machinery to launch prompt and preferential expression of redox-regulated genes that modulate complex cellular physiological and biological processes. 
